150 words Total 4997 words on May 10, Abstract All cancer cells require increased nutrient uptake to support proliferation. Here we investigated the signals that govern glucose uptake in B-cell lymphomas and determined that the protein kinase IKKβ induced GLUT1 membrane trafficking in both viral and spontaneous B-cell lymphomas. IKKβ induced AKT activity, while IKKβ-driven NFκB transcription was required for GLUT1 surface localization downstream of AKT. Activated NFκB promoted AKT-mediated phosphorylation of the GLUT1 regulator, AKT Substrate 160kD (AS160), but was not required for AKT phosphorylation of the mammalian target of rapamycin (mTOR) regulator Tuberous Sclerosis 2 (TSC2). In Epstein Barr virus (EBV) transformed B-cells, NFκB inhibition repressed glucose uptake and induced caspaseindependent cell death associated with autophagy. After NFκB inhibition, an alternate carbon source ameliorated both autophagy and cell death, whereas autophagy inhibitors specifically accelerated cell death. Taken together, the results suggest that NFκB signaling establishes a metabolic program supporting proliferation and apoptosis resistance by driving glucose import. on May 10,
Introduction
Proto-oncogenes such as c-myc, Ras and PI3K or inactivation of tumor suppressors such as PTEN and p53 are associated with alterations in cellular metabolism commonly referred to as the Warburg effect (1) . Glucose consumption, a hallmark of the Warburg effect (2) (3) (4) (5) , is shared by many B-lymphomas and most antigen or mitogen stimulated lymphocytes, suggesting the existence of a common regulatory mechanism to support rapid lymphocyte proliferation. NFκB activation is a common feature of transformed B lymphocytes such as Herpes virus transformed Lymphoblasts, multiple myeloma, Diffuse Large B Cell Lymphomas (DLBCL) and also mitogen stimulation or antigen co-receptor signaling in B-lymphocytes (6) (7) (8) (9) . For example Toll like Receptor (TLR) 4, TLR9, CD40
and BAFF-R engagement, as well as p53 depletion, were all shown to activate NFκB signaling and stimulate glucose consumption (10) (11) (12) . We hypothesized that the NFκB pathway plays a critical role in glucose import.
NFκB transcription factors are latent in the cytoplasm until activated in response to upstream signals that converge upon the IKK complex composed of IKKγ, IKKα and IKKβ.
IKKβ phosphorylates the Inhibitor of NFκB α (IκBα), thereby targeting it for proteasomal degradation, and allowing NFκB to translocate to the nucleus. Non-canonical stimuli activate IKKα to phosphorylate p100, induce p100 processing to p52 and its subsequent translocation to the nucleus (9) . Some stimuli stabilize Bcl3 and its binding to p50 or p52 homodimers to turn these repressive complexes into transcriptional activators (13) .
Glucose import across the cell membrane is mostly facilitated by Glucose transporters on May 10, 2017. © 2011 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.
Author Manuscript Published OnlineFirst on October 10, 2011; DOI: 10.1158/0008-5472. CAN-11-1715 (GLUT) (14) . GLUT levels and activity are highly regulated by oncogenes and tumor suppressors. c-myc and Ras induce GLUT1 mRNA (15, 16) , whereas p53 suppresses GLUT1, 3 and 4 expression (12, 17) . PI3K can induce GLUT1 and GLUT3 mRNA through HIF1α (18) , but also induces translocation of GLUT4 from storage vesicles to the plasma membrane (14) . PI3K induces GLUT4 trafficking by activating AKT that in turn phosphorylates AS160. AS160 phosphorylation inhibits its GTPase Activating Protein (GAP) function towards Rab proteins, which in their GTP bound form promote GLUTvesicle movement to and fusion with the plasma membrane. Recently the PI3K AKT pathway was also implicated in the regulation of GLUT1 localization in T-cells (19, 20) Herein we investigate the effects of IKKβ and NFκB on glucose import and demonstrate that IKKβ and NFκB transcription govern B-lymphoblast survival through AKT-induced GLUT1 plasma membrane trafficking.
Materials and Methods

Cell culture
wtLCL23, a spontaneous LCL generated in the laboratory, and IB4tetΔNIκBα EBV+ LCLs (27) . pN-2xHA-AS160 and pN-2xHA-AS160-4P were generated by amplifying coding sequences of AS160 and As160-4p with primers containing the recombination sites for Gateway cloning (forward primer: GGGGACAACTTTGTAC AAAAAAGTTGGCACCATGGAGCCGCCCAGCTGC; reverse primer: GGGGACAACTTTGTACAAGAAAGTTGGCAATGGCTTATTTCCTAT). PCR products were cloned into the pDONR223 gateway entry vector (Invitrogen) and shuttled into pN- 
Western Blot analysis
Cells were lysed on ice in RIPA buffer (50mM TRIS pH7.4, 150mM NaCl, 1mM EDTA, 1% NP-40, 0.5% DOC, 0.1% SDS, 1mM PMSF, 1% Protease inhibitor cocktail (Sigma), 2mM Na-pyrophosphate, 12.5mM β-glycerophosphate, 5mM NaF and1mM Na 3 VO 4 .
Debris was pelleted at 10,000 rpm for 5mins. LC3B and GLUT1 samples were lysed in 60mM Tris pH 7.5 with 1% SDS at 100 o C for 5min. The following antibodies were used on May 10, 2017. © 2011 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.
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Surface GLUT1 assays
Cells were stained for 20min at 4 o C with a polyclonal rabbit anti-Flag antibody Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.
2-NBDG uptake
Author Manuscript Published OnlineFirst on October 10, 2011; DOI: 10.1158/0008-5472. CAN-11-1715 multiple time points between 5 and 32min. The increase in fluorescence was linear and inhibited at 4 0 C. The slope of a linear regression was defined as the rate of glucose uptake and normalized to the rate of 2NBDG uptake of corresponding control cells.
When indicated, Phloretin (250μM) was included 15min prior to and during the assay.
Lactate assay
Cells were washed 3x and cultured for 4h in RPMI with 10% dialyzed serum (dialyzed Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.
Author Manuscript Published OnlineFirst on October 10, 2011; DOI: 10.1158/0008-5472. CAN-11-1715 Immunoprecipitation Cells were lysed for 20min in ice cold IP buffer (20mM Tris pH7.5, 50mM NaCl,1mM EDTA, 1% NP40, 2.5mM Na pyrophosphate, 1mM β-glycerophosphate, 1mM Na 3 VO 4 , 1% protease inhibitor cocktail (Sigma), 1mM PMSF). AS160 was immunoprecipitated with 1μg anti-AS160 antibody and 20μl sepharose A beads (Invitrogen) rotating at 4 o C for 4h from cleared supernatants (10,000rpm for 5min).
Statistical analysis.
Statistical differences were determined with a two-tailed paired Student's t-test. P-values are indicated.
Results
IKKβ induces GLUT dependent Glucose import
To examine glucose import, we monitored uptake of a fluorescent 2-deoxyglucose analog (2NBDG) (28) in response to signals from the NFκB activators Epstein-Barr Virus (EBV) oncoprotein Latent Membrane Protein 1 (LMP1), LPS or CpG, in the NFκB low Burkitt's lymphoma cell line BL41 that was stably transfected with LMP1 under tetracycline control (BLtetLMP1). All stimuli independently increased the rate of glucose uptake ( Figure 1A ), but failed to do so in the presence of chemical IKKβ inhibitors (IKKβi or IKKβi2) that specifically blocked canonical signaling ( Figure 1A , S1A, S1B). Supernatant transfer from LMP1+ to LMP1-cells did not induce glucose import to the same extent indicating that NFκB regulation of glucose import is cell intrinsic and not due to elevated cytokine secretion ( Figure S1C ). Phloretin, a specific GLUT inhibitor, blocked LMP1-induced on May 10, 2017. © 2011 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.
Author Manuscript Published OnlineFirst on October 10, 2011; DOI: 10.1158/0008-5472. CAN-11-1715 glucose import ( Figure S1D ) indicating that LMP1-mediated NFκB effects were dependent on GLUT family proteins. Therefore, we evaluated expression levels and localization of the predominant lymphoid GLUT family members, GLUT1 and GLUT3 (21, 29) . LMP1 and LPS induced the NFκB target TRAF1, and IKKβi prevented TRAF1 induction ( Figures 1B, 1C) . Perturbation of the NFκB pathway had no impact on GLUT1, GLUT3, or their transcriptional regulators HIF1α or c-myc, (15, 18) (Figures 1B, 1C , S1E).
IKKβ induces GLUT1 membrane localization
Although GLUT abundance was not affected by IKKβ activation, we observed clear regulation of GLUT1 localization. In response to EBV LMP1, LPS and CpG GLUT1 translocated from intracellular vesicles to the plasma membrane ( Figure 1D ). In contrast, GLUT3 localized to cytosolic punctae independent of LMP1 expression ( Figure S1F ). In agreement with the glucose import assays, IKKβi blocked the ability of all three independent stimuli to promote GLUT1 plasma membrane localization ( Figure 1D ). To quantify the impact of IKKβ inactivation on GLUT1 plasma membrane levels, we stably expressed GLUT1 modified with a 2x Flag tag (fGLUT1) in the first extracellular loop (19) in BLtetLMP1 (BLtetLMP1-fGLUT1). LMP1 and LPS significantly increased surface fGLUT1 ( Figure S1G IKKβ governs GLUT1 localization in many B-cell malignancies (Figure 1E,S1N) . Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.
Author Manuscript Published OnlineFirst on October 10, 2011; DOI: 10.1158/0008-5472. CAN-11-1715 IKKβ and PI3K are required for AKT activation GLUT1 plasma membrane localization in lymphocytes is regulated in a manner similar to GLUT4 in adipocytes, where GLUT4 translocates to the plasma membrane in response to insulin induced PI3K and AKT activation (14, 19) . Therefore, we sought to determine if GLUT1 trafficking in response to NFκB stimuli is AKT dependent. Like IKKβ inhibitors, the PI3K inhibitor LY294002 prevented LMP1-, LPS-, and CpG-induced GLUT1 translocation and glucose import (Figure 2A, 2B) . Figure S2E) . In contrast to LMP1 and LPS, serum-induced AKT activation was unaffected by IKKβi ( Figure S2F ) indicating that the role of IKKβ does not extend to growth factor receptors and demonstrating the specificity of the IKKβ inhibitor. The IKKβ related TANK-binding kinase 1 (TBK1) was shown to phosphorylate AKT at S473 (33) raising the possibility that IKKβi effects may be mediate by TBK1 inhibition. However,
IKKβi specifically inhibited Sendai virus-induced IKKβ-dependent RelA S536
phosphorylation with no effect on TBK1-dependent IRF3 dimerization ( Figure S2G) (34) and neither LMP1, nor LPS, induced IRF3 dimerization in BLtetLMP1 ( Figure S2H ).
Since IKKβi caused GLUT1 retention in wtLCLs23, BCLM and SUDHL4, we examined the effect of IKKβi on AKT activity in these cell lines. IKKβi only modestly reduced AKT S473 on May 10, 2017. © 2011 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited. phosphorylation ( Figure S2C ), suggesting that IKKβ had a second effect on GLUT1 trafficking. This was supported by the observation that CHX had no effect on LPS-induced AKT activation ( Figure 2D ), but completely blocked LPS-or CpG-induced surface GLUT1 translocation and glucose import (Figure 2A,2B,S1J) . Thus, IKKβ induces AKT that in turn is essential for GLUT1 plasma membrane accumulation. Yet AKT activation is not sufficient for GLUT1 plasma membrane targeting in the absence of continuous protein synthesis. We reasoned that NFκB-or AKT-mediated gene expression may be necessary for IKKβ stimuli to promote AKT-regulated GLUT1 localization.
NFκB transcription supports GLUT1 membrane localization downstream of AKT
To determine the requirement for NFκB transcription on GLUT1 localization and glucose import, NFκB complexes were retained in the cytoplasm by a tetracycline-inducible NFκB superrepressor, ΔNIκBα, in the LMP1+ lymphoblastoid cell line IB4 (IB4tetΔNIκBα) (11) .
NFκB inhibition caused a loss of glucose import and surface endogenous-or flag-GLUT1 over three days ( Figure 3A ,3B,S3A,S3B,S1G) without impacting GLUT1 and 3 expression or GLUT3 localization ( Figure 3C ,S1F). ΔNIκBα modestly decreased AKT S473 phosphorylation without impacting AKT phosphorylation at the PDK1 site T308 or its activity towards an established target, TSC2 ( Figure S3C) (35) . To test NFκB transcriptional effects on GLUT1 localization independent of AKT regulation, we expressed constitutively active myristoylated AKT (myrAKT) and myrAKT with a S473D mutation (myrAKTS473D) in IB4tetΔNIκBα and IB4tetΔNIκBα-fGLUT1. The activating S473D mutation renders AKT activity independent of S473 phosphorylation (36) . myrAKT and myrAKTS473D sustained surface endogenous-or flag-GLUT1 levels after on May 10, 2017. © 2011 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.
Author Manuscript Published OnlineFirst on October 10, 2011; DOI: 10.1158/0008-5472. CAN-11-1715 Wortmannin treatment, but failed to do so after inhibition of NFκB transcription ( Figure   3D, 3E) . Similarly, glucose import in myrAKT and myrAKTS473D expressing cells was elevated over control cells but still dependent on NFκB-mediated transcription ( Figure   S3D ). Note that myrAKT and myrAKTS473D expression levels were not altered ( Figure   S3E ). As constitutive AKT signaling did not overcome the effects of ΔNIκBα, NFκBmediated gene expression is required for surface localization of GLUT1 downstream or independent of AKT activity.
NFκB transcription is essential for AKT-mediated AS160 phosphorylation
AKT promotes GLUT4 membrane localization by inhibitory phosphorylation of AKT Substrate of 160kDa (AS160) (14) . To analyze AS160 impact on GLUT1 localization in lymphocytes, we transfected IB4 or IB4ΔNIκBα-fGLUT1 with expression vectors for either control, HA-AS160 or mutant HA-AS160 lacking all AKT phosphorylation sites (HA-AS160-4p; S318A, S588A, T642A, and S751A) (27) . HA-AS160 expression had no impact on GLUT1 localization, while HA-AS160-4p caused retention of both endogenousand fGLUT1 (Figure 4A, 4B) .Thus AS160 is an essential regulator of GLUT1 membrane localization in B-lymphocytes.
Consistent with constitutive GLUT1 localization at the plasma membrane, AS160 was phosphorylated at AKT sites (pan AKT substrate, PAS) in IB4tetΔNIκBα ( Figure 4C ).
Wortmannin inhibited AS160 PAS-phosphorylation in control uninduced cells, but had little effect in IB4tetΔNIκBα stably expressing myrAKT or myrAKTS473D ( Figure 4C ).
Rapamycin blocked TORC1-dependent phosphorylation of S6K at T389 but had no impact on AS160 phosphorylation and very little effect on surface endogenous-or flag- Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.
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We discovered that NFκB is specifically required to recruit AKT for the phosphorylation of AS160. Inhibition of NFκB-mediated transcription by ΔNIκBα resulted in loss of AS160 PAS site phosphorylation in control, myrAKT and myrAKT S473D expressing cells ( Figure   4D ). Importantly, the effect of NFκB was specific to AS160 as AKT target TSC2 T1462 phosphorylation was unaffected by NFκB inhibition (Figure 4D ). Moreover the activity of AMPKα, which can promote AS160 phosphorylation (21) , was not altered after NFκB inhibition ( Figure S1E ). Thus, we have shown that the NFκB pathway has two roles in GLUT1 localization. IKKβ is required for AKT activation, whereas NFκB-mediated transcription allows AKT to phosphorylate AS160 ( Figure 4E) .
Carbon availability is a significant feature of NFκB pro survival signaling
To assess the importance of NFκB effects on GLUT1 and lymphoma cell metabolism, we used EBV transformed lymphoblastoid cells. EBV transforms primary B cells into lymphoblastoid cells, without somatic mutations, that are highly reliant on EBV LMP1mediated NFκB activation for proliferation and survival (6) . LCLs die after NFκB inhibition over the course of one week and cell death is not abrogated by caspase inhibitors ( (6) and Figure S4A ). Since ΔNIκBα reduced glucose import resulting in decreased lactate secretion ( Figure 5A ), we determined if reduced carbon availability contributed to LCL cell death after NFκB inhibition. NFκB inhibited cells were cultured with additional substrates for the TCA-cycle. Increasing the initial glutamine concentration from 2 to 22mM and adding 20mM α-ketoglutarate improved IB4tetΔNIκBα survival from 40% to 59% five days after ΔNIκBα expression ( Figure 5B ). Further, NFκB inhibition increased sensitivity to the on May 10, 2017. © 2011 American Association for Cancer Research. cancerres.aacrjournals.org Downloaded from Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited. respiratory chain inhibitor oligomycin even in the presence of caspase inhibitor QVD, indicating that NFκB inhibition renders LCLs more reliant on mitochondrial metabolism ( Figure S4B, S4C ). Macro autophagy (here autophagy) can be induced as a pro survival mechanism during starvation to sustain ATP and carbon availability by degrading cytosolic components (37) . As has been observed in other LCLs (38) , uninduced IB4tetΔNIκbα exhibited low levels of autophagy as measured by LC3b foci (Figure 5C ). Three days after ΔNIκBα induction, we observed a dramatic accumulation of LC3b foci ( Figure 5C ) and of autophagosome-associated, phosphatidylethanolamine-conjugated, LC3b (LC3b-II) in the corresponding cell lysates ( Figure 5D ). Both indicators of autophagy were reduced when cells were grown in high glutamine and α-ketoglutarate indicating that ΔNIκBα caused starvation that in turn induced autophagy ( Figure 5C, 5D) . Interestingly, the autophagy inhibitors 3-methyladenine ( Figure 5E ) or chloroquine ( Figure S4D) accelerated LCL death in NFκB inhibited cells but had no effect on NFκB active cells.
Glutamine and α-ketoglutarate partially reversed the increased sensitivity to autophagy inhibitors ( Figure 5E, S4D ).
Discussion
To support macromolecule synthesis, proliferating cells need to elevate nutrient uptake.
B-cells utilize glucose as their predominant carbon source. Herein, we have provided novel evidence that the IKKβ/NFκB pathway induces glucose import by supporting GLUT1 plasma membrane localization. IKKβ kinase activity and NFκB transcription function by regulating GLUT1 trafficking at separate points in the AKT pathway ( Figure   4E ). Further, we show that stimulation of glucose transport is a significant feature of NFκB Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.
Author Manuscript Published OnlineFirst on October 10, 2011; DOI: 10.1158/0008-5472. CAN-11-1715 recognition. Although the identity of the transcriptional target(s) is unknown, we favor a simple model in which NFκB drives transcription of a gene encoding a scaffold that allows AKT to interact with AS160. It is possible that such a scaffold also regulates additional AKT substrate recognition. Our results parallel the requirement for NFκB and AKT in LMP1 induced migration in nasopharyngeal carcinomas and LMP1-induced lymphoma in transgenic mice (31, 44) .
Tumor viruses like EBV and KSHV evolved to exploit the normal signaling pathways that drive lymphocyte proliferation. Here, we have shown that EBV oncogene LMP1 and TLRs use the same IKKβ-and AKT-dependent mechanisms to stimulate glucose import. The importance of NFκB-stimulated glucose import is evident as glutamine and αketoglutarate ameliorated the effects of NFκB inhibition including autophagosome formation, the dependence on autophagy, and cell death. These data support a model where NFκB promotes survival of NFκB dependent lymphomas by ensuring ample glucose import for energy production and macromolecule synthesis. Autophagy is triggered through starvation after NFκB inhibition to prolong survival by providing alternative substrates for metabolism ( Figure 5F ).
It is not clear why 2mM glutamine (media concentration) was not sufficient to saturate glutamine metabolism. Recently, Wellen and colleagues have shown that hexosamines, predominantly derived from imported glucose, are necessary to transport glutamine (45) .
The supplementation of 22mM glutamine and 20mM α-ketoglutarate might be required to overcome decreased glutamine import secondary to decreased glucose import after NFκB inhibition. Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.
Author Manuscript Published OnlineFirst on October 10, 2011; DOI: 10.1158/0008-5472. CAN-11-1715 NFκB inhibition sensitized lymphoblastoid cells to inhibitors of oxidative phosphorylation or autophagy. The combined targeting of NFκB-mediated transcription and autophagy or mitochondrial metabolism is likely to be a highly effective chemotherapeutic strategy for lymphoma. NFκB transcription has also been shown to be essential in colorectal, breast, and lung cancer, but generally thought to do so through induced expression of antiapoptotic proteins (46, 47) . Yet, many of these tumors have high GLUT1 expression (48, 49), which is important for cell survival and associated with poor clinical prognosis (16, 50) . Therefore, NFκB may also contribute to enhanced survival in these tumors by facilitating AKT substrate interactions, GLUT1 membrane targeting and glucose import. Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.
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